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Introduction {#sec001}
============

Mapping the post-stroke brain alterations is of great clinical interest in stroke study as it can help evaluate the post-stroke brain deficits or monitor the rehabilitation effects. Functional MRI (fMRI) has been increasingly used to assess the functional alterations in stroke.

fMRI is a powerful and non-invasive tool to delineate functional abnormality in the brain after stroke \[[@pone.0123850.ref001]--[@pone.0123850.ref004]\]. Earlier studies have mainly used task-based fMRI and identified abnormal local activities and inter-regional connectivity involving the fronto-parietal motor control systems \[[@pone.0123850.ref005]\], the sensorimotor cortex \[[@pone.0123850.ref006]--[@pone.0123850.ref007]\], inferior parietal lobule region and cerebellum regions\[[@pone.0123850.ref008]\], temporo-parietal area \[[@pone.0123850.ref007]\], fronto-temporo-occipital area, supramarginal gyrus, angular gyrus, and basal ganglia and fusiform gyrus \[[@pone.0123850.ref009]\]. However, task-based fMRI in stroke studies often suffers from a large variability due to the difficulty of patients experience in performing the tasks \[[@pone.0123850.ref010]\]. By contrast, resting-state fMRI (R-fMRI) does not require participants to perform any explicit tasks, and therefore is particularly suitable for this specific population \[[@pone.0123850.ref011]\]. R-fMRI measures spontaneous brain activity as low-frequency fluctuations in blood oxygen level-dependent (BOLD) signals. These low-frequency fluctuations are vital for a better understanding of human brain function under both healthy and pathological conditions because extremely disproportionate energy consumption appears within the regions showing high resting metabolic rates \[[@pone.0123850.ref012]--[@pone.0123850.ref014]\]. Indeed, the number of R-fMRI studies in stroke has dramatically increased in the recent years. Notably, the majority of R-fMRI studies in stroke have focused on the characterization of inter-regional functional connectivity, such as connections between the motor systems and non-motor systems \[[@pone.0123850.ref015]--[@pone.0123850.ref016]\]. While regional properties are important to understand the neural pathology of stroke and its recovery, only one study has examined such regional properties in patients with subcortical stroke \[[@pone.0123850.ref017]\]. The present study aimed to address this gap.

Amplitude of low-frequency fluctuations (ALFF) and regional homogeneity (ReHo) are two widely used approaches that have high test-retest reliability \[[@pone.0123850.ref018]--[@pone.0123850.ref019]\] in characterizing the local brain features of R-fMRI data. Specifically, the ALFF quantifies the strength or intensity of low-frequency (typically 0.01--0.1 Hz) oscillations (LFOs) embedded in the spontaneous neural activity while the ReHo reflects the statistical similarity of spontaneous neural activity, among spatially adjacent brain tissues \[[@pone.0123850.ref019]\]. These two methods have been widely used to explore local functional abnormalities in a variety of brain disorders \[[@pone.0123850.ref021]--[@pone.0123850.ref024]\]. Of particular importance, recent studies indicate that different frequency bands contribute differently to the LFOs \[[@pone.0123850.ref020], [@pone.0123850.ref025]--[@pone.0123850.ref026]\] and frequency-dependent changes in LFOs have been reported in various brain disorders \[[@pone.0123850.ref027]--[@pone.0123850.ref028]\]. Therefore, in the current study, we directly tested whether stroke-related changes in local brain regions are also frequency dependent.

We recruited 19 patients with stroke and 15 age- and gender-matched healthy controls, and each paricipant underwent a R-fMRI scanning. We then calculated individual ALFF and ReHo maps in the following three frequency ranges: 0.01--0.1 Hz, which is typically used in the R-fMRI community (termed as the full frequency band); 0.01--0.027 Hz (termed as the slow-5 frequency band); and 0.027--0.073 (termed as the slow-4 frequency-band). Finally, cross sectional ALFF and ReHo differences between the stroke patients and healthy controls were then assessed using two-sample t-tests.

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

Nineteen patients with infarcts in the middle cerebral artery (MAC), diagnosed with computed tomography angiography (CTA) or magnetic resonance angiography (MRA), were selected at Zhejiang Hospital, and 15 age- and gender-matched healthy controls were included in this study. The inclusion criteria were as follows: (1) first occurrence of stroke, and the time poststroke was 2 weeks-1 months; (2) right-handedness; (3) normal cognitive functions (Mini-Mental Status Examination \[MMSE\]\>24); (4) hemiparesis with myodynamia ≥ 3 and/or aphasia; and(5) 50--75 years old. The exclusion criteria were as follows: (1) contraindication for MRI; (2) quadriplegia; (3) prior history of neurological or psychiatric disorders; (4) diabetes; and (5) severe aphasia, neglect, or sensory disturbances. There were no significant differences in age (t~26~ = 0.652, p = 0.520) or gender (*χ* ~1~ = 1.44, p = 0.705) between stroke patients and normal controls. The clinical and demographic data of the remaining patients are summarized in [Table 1](#pone.0123850.t001){ref-type="table"}.

10.1371/journal.pone.0123850.t001

###### Clinical and demographic data of 15 patients with stroke enrolled in this study.

![](pone.0123850.t001){#pone.0123850.t001g}

  Case   Gender   Age (years)   Lesion                           Time poststroke (weeks)
  ------ -------- ------------- -------------------------------- -------------------------
  1      F        63            FC.L,MCA.B                       2
  2      M        62            BG.L                             2
  3      F        74            BG.L                             2
  4      M        63            T-PC.R, MCA.R                    2
  5      M        63            BG.R, CR.R, Ins.R                2
  6      M        76            T-OC.L, TC.L                     2.5
  7      M        62            BG.L                             2.5
  8      F        72            pons.L,BG.B,IC.B, Put.B, Tha.B   3
  9      F        81            IC.L, Put.L, Tha.L               3
  10     F        59            BG.L,FC.L                        3
  11     M        69            BG.L                             4
  12     M        78            BG.L, Tha.L, CR.L                4
  13     F        80            IC.L, Put.L, Tha.L, BG.L         4
  14     F        75            CR.R                             4
  15     F        78            F-PC.L,TS.BG                     4

Note: M, male; F, female; L, left; R, right; B, bilateral; BG, basal ganglia; IC, internal capsule; Put, putamen; Ins, insula; Tha, thalamus; CR, coronal radiate; T-PC, temporo-parietal cortex; MCA, middle cerebral artery; T-OC, temporo-occipital cortex; TC, temporal cortex; F-PC, fronto-parietal cortex; PC, parietal cortex; FC, frontal cortex.

This study was approved by the Research Ethics Review Board of Zhejiang Hospital. The study procedures were explained to all of the participants, and written informed consent was obtained from each participant or their guardians/spouses.

Image Acquisition {#sec004}
-----------------

All of the participants were scanned using a 3.0T MR scanner (Philips Achieva Magnetom Avanto, Amsterdam Netherlands) at Zhejiang Hospital. T2\* weighted R-fMRI data were acquired using an echo-planar imaging pulse sequence: 33 axial slices; repetition time (TR) = 2000 ms; echo time (TE) = 30 ms; slice thickness = 3.5 mm; gap = 0.7 mm; flip angle (FA) = 90°; matrix = 64×64; field of view (FOV) = 200 × 200 mm^2^. During data acquisition, the participants were asked to lie quietly in the scanner with their eyes closed. A total of 240 image volumes were obtained for each participant.

Data Processing {#sec005}
---------------

R-fMRI data preprocessing was performed with the Graph-theoretical Network Analysis (GRETNA) toolbox (<http://www.nitrc.org/projects/gretna/>) based on the Statistical Parametric Mapping (SPM) 8 software (<http://www.fil.ion.ucl.ac.uk/spm/software/spm8/>). After removal of the first 5 volumes, the functional images were first corrected for time offsets between slices and geometrical displacements due to head movement. Four participants were excluded because of excessive head movement. The corrected functional data were then normalized to the Montreal Neurological Institute space using an optimum 12-parameter affine transformation and non-linear deformations and then resampled to a 3-mm isotropic resolution. The resulting images further underwent spatial smoothing (Gaussian kernel with a full width at half maximum = 6 mm), linear detrending, and temporal filtering (0.01--0.1 Hz). Such a typical frequency-band filtering ensured the comparability of our results with results in the existing literature.

To examine the frequency effects on brain activity changes in patients, temporal band-filtering was further performed in the slow-5 (0.01--0.027 Hz) and slow-4 (0.027--0.073 Hz) bands, respectively. Finally, several nuisance signals were regressed out from each voxel's time course, including 24-parameter head-motion profiles (6 head motion parameters, 6 head-motion parameters one time point before and after their corresponding 12 squared items) \[[@pone.0123850.ref029]--[@pone.0123850.ref030]\], mean white matter (WM), and the cerebrospinal fluid (CSF) time series derived within prior probability maps in SPM8 (threshold = 0.8).

ALFF/ReHo calculation {#sec006}
---------------------

### ALFF {#sec007}

For a given voxel, the time series was first converted to the frequency domain using a Fast Fourier Transform. The square root of the power spectrum was then computed and summed across a predefined frequency interval. This summed square root was the ALFF for this voxel.

### ReHo {#sec008}

For a given voxel, Kendall's coefficient of concordance (KCC) \[[@pone.0123850.ref031]\] was computed on the ranked BOLD time series within a cluster formed by the given voxel and its nearest neighbors (27 voxels in the current study). The resultant KCC was the ReHo for the voxel. Note, spatial smoothing was conducted for individual ReHo maps rather than during data preprocessing to avoid overestimating ReHo values.

All of the ALFF/ReHo computations were restricted in a brain mask where two criteria were fulfilled: (1) grey matter (GM) probability \> 0.2 based on a prior GM probability map in SPM8; and (2) non-zero variance over time across all participants.

Statistical analysis {#sec009}
--------------------

Two-sample t-tests were used to determine the between-group differences in the ALFF/ReHo data. Given possible residual head motion effects, head-motion variables (maximum, root mean square and mean frame-wise displacement) were treated as non-interest covariates during between-group comparisons \[[@pone.0123850.ref032]\]. All of the results are presented at a statistical threshold of p \< 0.05 (corrected) by combining a height threshold (p \< 0.001) and an extent threshold (p \< 0.05) determined by Monte Carlo simulations \[[@pone.0123850.ref033]\].

Results {#sec010}
=======

ALFF {#sec011}
----

In the full frequency band (0.01--0.1 Hz), 7 clusters were detected that showed decreased ALFF in the stroke patients compared with healthy controls, including the following: right middle temporal gyrus and middle occipital gyrus; right precuneus and superior parietal lobule; right inferior parietal lobule and angular gurus; left superior parietal lobule and precuneus; left inferior and superior parietal lobule; left middle and superior occipital gyrus; and left middle cingulate gyrus and precuneus (p \< 0.05, corrected, [Table 2](#pone.0123850.t002){ref-type="table"}, [Fig 1A](#pone.0123850.g001){ref-type="fig"}). The between-group differences in the slow-5 band (0.01--0.027 Hz) highly resembled the differences in the 0.01--0.1 Hz band but the voxels with decreased ALFF were spatially more extensive (p \< 0.05, corrected, [Table 2](#pone.0123850.t002){ref-type="table"}, [Fig 1B](#pone.0123850.g001){ref-type="fig"}).

10.1371/journal.pone.0123850.t002

###### Regions showing decreased ALFF in stroke patients versus normal controls.

![](pone.0123850.t002){#pone.0123850.t002g}

  Brain regions              Hemisphere   CS (voxels)   Peak MNI      Maximum T
  -------------------------- ------------ ------------- ------------- -----------
  Full (0.01--0.1 Hz)                                                 
  MTG/MOG                    R            122           51,-57,3      6.14
  MOG/SOG                    L            98            -21,-96,15    5.31
  PCu/SPL                    R            267           6,-75,42      6.67
  IPL/ANG                    R            102           36,-48,45     6.22
  MCG/PCu                    L            89            -6,-42,54     6.03
  IPL/SPL                    L            121           -33,-54,-60   5.31
  SPL/PCu                    L            131           -15,-60,51    5.05
  Slow 5 (0.01--0.027 Hz)                                             
  ITG/MOG                    L            135           -60,-60,-21   5.02
  MTG/MOG/IOG                R            206           54,-63,3      5.92
  SPL/PCu/MOG/SOG            B            1206          18,-81,45     6.58
  Slow 4 (0.027--0.073 Hz)                                            
  PCu/SPL                    R            159           6,-75,42      7.22

Note: MTG, middle temporal gyrus; MOG, middle occipital gyrus; SOG, superior occipital gyrus; PCu, precuneus; SPL, superior parietal lobule; IPL, inferior parietal lobule; ANG, angular gurus; MCG, middle cingulate gyrus; ITG, inferior temporal gyrus; IOG, inferior occipital gyrus; L, left; R, right; B, bilateral; CS, cluster size.

![ALFF differences in three different frequency bands (A, typical band: 0.01--0.1 Hz; B, slow-5: 0.01--0.027 Hz; C, slow-4: 0.027--0.73 Hz) between stroke patients and healthy controls.\
Cold colors indicate regions showing lower ALFF in patients versus the controls. Threshold for ALFF: p\< 0.05 (corrected). Left in the figure shows the left side of the brain.](pone.0123850.g001){#pone.0123850.g001}

However, in the slow-4 band (0.027--0.073 Hz), only the right precuneus and superior parietal gyrus showed decreased ALFF in the patients (p \< 0.05, corrected, [Table 2](#pone.0123850.t002){ref-type="table"}, [Fig 1C](#pone.0123850.g001){ref-type="fig"}).

These findings suggest that the slow-5 band was primarily responsible for the observed between-group difference in the 0.01--0.1 Hz band, pointing to the sensitivity of the slow-5 band in detecting stroke-related abnormalities of in LFOs.

ReHo {#sec012}
----

In the full frequency band of 0.01--0.1 Hz, a cluster including the left superior parietal lobule and precuneus was identified that showed significantly increased ReHo in the patients in compared with healthy controls (p \< 0.05, corrected, [Table 3](#pone.0123850.t003){ref-type="table"}, [Fig 2A](#pone.0123850.g002){ref-type="fig"}). In the slow-5 frequency-band (0.01--0.027 Hz), a larger cluster that exhibited decreased ReHo in the patients that was largely overlapped with the cluster detected in the full frequency-band (p \< 0.05, corrected, [Table 3](#pone.0123850.t003){ref-type="table"}, [Fig 2B](#pone.0123850.g002){ref-type="fig"}). As for the slow-4 frequency-band (0.027--0.073 Hz), although the same cluster was also detected showing increased ReHo in the patients, the spatial extent was reduced by approximately half relative to the extent in the full-frequency-band (p \< 0.05, corrected, [Table 3](#pone.0123850.t003){ref-type="table"}, [Fig 2C](#pone.0123850.g002){ref-type="fig"}).

10.1371/journal.pone.0123850.t003

###### Regions showing increased ReHo in stroke patients versus normal controls.

![](pone.0123850.t003){#pone.0123850.t003g}

  Brain regions              Hemisphere   CS (voxels)   Peak MNI     Maximum T
  -------------------------- ------------ ------------- ------------ -----------
  Full (0.01--0.1 Hz)                                                
  SPL/PCu                    L            270           6,-75,42     6.2
  Slow 5 (0.01--0.027 Hz)                                            
  SPL/IPL                    L            356           -27,-51,51   6.96
  Slow 4 (0.027--0.073 Hz)                                           
  SPL/PCu                    L            139           -18,-69,54   5.96

Note: SPL, superior parietal lobule; PCu, precuneus; IPL, inferior parietal lobule; L, left; R, right hemisphere; CS, cluster size.

![ReHo differences in three different frequency bands (A, typical band: 0.01--0.1 Hz; B, slow-5: 0.01--0.027 Hz; C, slow-4: 0.027--0.73 Hz) between stroke patients and healthy controls.\
Warm colors indicate regions showing higher ReHo in patients versus controls. Threshold for ReHo: p \< 0.05 (corrected). Left in the figure shows the left side of the brain.](pone.0123850.g002){#pone.0123850.g002}

Relationship between ALFF and ReHo {#sec013}
----------------------------------

We found that several regions simultaneously exhibited abnormalities of decreased ALFF and increased ReHo in patients compared with healthy controls. Thus, we further examined the relationships between ALFF and ReHo for these regions in the patients. As shown in [Fig 3](#pone.0123850.g003){ref-type="fig"}, significant negative correlations were found between these two measures in stroke patients.

![Relationships between ALFF and ReHo for regions showing abnormal ALFF and ReHo in patients.\
Significantly negative correlations were found between these two measures in stroke patients.](pone.0123850.g003){#pone.0123850.g003}

Discussion {#sec014}
==========

In the present study, we examined regional changes in LFOs (i.e., ALFF and ReHo) of R-fMRI signals at different frequency bands in patients with stroke. To our knowledge, there is no prior research using frequency approaches to detect stroke-related R-fMRI changes in the human brain. Using ALFF, we found that patients with stroke showed lower LFO amplitudes compared with controls for the full frequency band (0.01--0.1 Hz) in the right middle temporal gyrus, middle occipital gyrus, precuneus and superior and inferior parietal lobules, angular gurus, and the left precuneus, superior and inferior parietal lobules, and middle cingulate gyrus. The between-group differences in slow-5 band highly resembled the differences in the 0.01--0.1 Hz band, but the voxels with decreased ALFF were spatially more extensive. In contrast, the ALFF in the slow-4 band analysis revealed only one cluster in the right precuneus/superior parietal lobules. Using ReHo, we observed increased synchronization of LFOs in the slow-5 band (0.01--0.027 Hz) in the left inferior/superior parietal lobule in stroke patients compared with normal controls, while within both the full frequency band (0.01--0.1 Hz) and the slow-4 band (0.027--0.073 Hz), we observed increased synchronization in the left superior parietal lobule and precuneus. We next discuss the theoretical and clinical implications of these findings.

Changed activity in the parietal cortex {#sec015}
---------------------------------------

The most robust result of the present study is altered brain activity in the parietal cortex of the patients, which was observed when the data were analyzed with both the ALFF and ReHo methods in all three frequency domains. This finding is in accordance with previous R-fMRI studies showing altered inter-regional functional connectivity between the parietal lobule and other brain regions in stroke \[[@pone.0123850.ref015]--[@pone.0123850.ref016]\]. A recent study, using the ReHo method to study 24 patients with subcortical stroke also documented increased parietal activity in stroke \[[@pone.0123850.ref034]\]. Therefore, our current study and previous studies by others converge to show abnormality in the parietal cortex. This finding likely has clinical significance. For example, the parietal cortex could serve as a target region for specific rehabilitation therapies, such as transcranial magnetic stimulation.

It should be noted, however, that the mechanisms underlying the changes of parietal activity are currently poorly understood. The present study showed increased ReHo, which is consistent with the results reported by Yin et al. \[[@pone.0123850.ref017]\], but decreased ALFF in the parietal cortex in patients with stroke. Further analaysis revealed significantly negative correlations between ALFF and ReHo in the parietal regions that simultaneously showed stroke-related abnormalities. Therefore, we speculate that the increased ReHo may be due to the stroke-induced homodromous alterations in spontaneous brain activity (i.e., decreased ALFF), which results in enhanced synchronization. Further, task-based fMRI studies typically show decreased parietal activation in stroke \[[@pone.0123850.ref006]--[@pone.0123850.ref007]\]. Our current data are not sufficient to interpret these apparent discrepancies, although there are several possibilities. For example, the discrepancies may be attributable to methodological factors such as the use of different analytic methods and tasks, scanning parameters, or even preprocessing procedures and choice of frequency filtering choices. Another possibility is that there is heterogeneity in the clinical phenotypes of stroke across different studies; studies with a larger sample and grouping designs could test this possibility. Therefore, comprehensive studies with a larger sample and using multi-mode MRI are needed to clarify the above discrepancies and deepen our understanding of the neural mechanisms underlying the changed activity in the parietal cortex that have been consistently revealed by the present study and the results of others.

Frequency dependent effects of R-fMRI {#sec016}
-------------------------------------

The most important finding of our study is that the abnormal spontaneous neural activity measured by R-fMRI in stroke is frequency dependent. Specifically, changes in LFOs in the slow-5 band were identified in widespread cortical regions, including the parietal lobules, occipital gyrus, precuneus, and temporal gyrus, whereas LFOs in the slow-4 band only showed marginally significant changes that were limited to the parietal lobules. These findings are consistent with earlier findings that LFOs in the slow-5 band showed higher power distributed in widespread cortical regions \[[@pone.0123850.ref021],[@pone.0123850.ref033]\], while greater ALFF in the slow-4 band was mainly located in subcortical regions (more robustly in the basal ganglia) \[[@pone.0123850.ref020],[@pone.0123850.ref025],[@pone.0123850.ref027],[@pone.0123850.ref035]\]. One possible reason for the differential distributions of these two frequency bands of LFOs might be that LFOs are important for the integration of large-scale neuronal networks, whereas higher frequency oscillations are responsible for neuronal communications in a small space \[[@pone.0123850.ref036]\].

Our finding of frequency-dependent effects has both theoretical and clinical implications. There are other regional brain activity measures such as entropy and variability \[[@pone.0123850.ref037]--[@pone.0123850.ref039]\] that demonstrate that intrinsic, coherent neuronal signaling may be essential to the development and maintenance of brain functions. Thus, neural oscillations might be the fundamental mechanism not only for coordinated brain activity during normal functioning but also for recovery from brain injury such as stroke and traumatic brain injury.

Our study has several limitations. First, although we instructed participants to close their eyes using an eye mask during scanning, without electroencephalogram (EEG) tracking, we cannot completely rule out the possibility that some of the participants failed to comply with this instruction throughout the resting-state scanning \[[@pone.0123850.ref015]\]. Second, we only tested a relatively small sample size in each group. Further studies are needed to reproduce our findings by recruiting a large cohort of patients. Finally, although we took great care to minimize participants' head motion, it is still possible that a small proportion of the effects reported here could be accounted for by motion-induced artifacts. Nevertheless, the consistent findings of changed regions, particularly the parietal cortex, in stroke patients across studies using task-based fMRI or R-fMRI (including our current study), at least partially verify the validity of the results of this study.

In conclusion, the current study demonstrated abnormal LFOs in the parietal cortex, precuneus, temporal gyrus, and occipital gyrus in stroke patients, with the altered activity in the parietal cortex being the most robust finding (consistently identified by all of the methods we used). Importantly, we showed that the abnormalities in LFOs in stroke were frequency dependent. We suggest that R-fMRI studies in stroke and other brain disorders should consider frequency effects.
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